Abstract A versatile and straightforward approach to the total synthesis of the dispirocyclic natural products aculeatins A, B, and D and 6-epiaculeatin D was developed. The key steps involve a catalytic asymmetric aldol reaction using a titanium(IV) tetraisopropoxide/(S)-[1,1′-binaphthalene]-2,2′-diol system to form a C-2 hydroxy group, a hydroxydirected reduction, and a Weinreb ketone synthesis.
Malaria, clinically the most important parasitic disease, is caused by infection of red blood cells by one of several protozoans of the genus Plasmodium and it has serious effects on human health. 2 Although current antimalarial drugs such as artemisinin and chloroquine are effective in reducing morbidity and mortality from malarial infections, the increasing incidence of drug resistance in many regions of the world has spurred scientists to identify new antimalarial molecules.
3 As important sources of lead compounds, traditional medicines have provided many new targets for drug research. In 2000, Heilmann and co-workers separated a novel class of dispirocyclic natural products, later named aculeatins A-C (Figure 1 ), from the plant Amomum aculeatum, which is distributed across Malaysia, Indonesia, and Papua New Guinea. 4 One year later, the same group isolated aculeatin D (Figure 1) . 5 These new dispirocyclic natural products exhibit interesting antimalarial activities at the submicromolar level (for example, an IC 50 of 0.18-3.0 μM against Plasmodium falciparum in vitro). In addition to their promising antimalarial activities, aculeatins contain an unusual 1,7-dioxadispiro[5.1.5.2]pentadecane skeleton. These interesting properties have prompted the development of several approaches to the total syntheses of the aculeatins.
6
Since Wong reported a first total synthesis of racemic aculeatins A and B in 2002 6a and Marco and co-workers reported the first asymmetric synthesis through an allylation three years later, 6c several approaches to aculeatins and their analogues have been described. Recently, Tong developed an elegant stereoselective synthesis of the single spiro isomer aculeatin A.
6s Inspired by the potential medicinal value of aculeatins, we became deeply interested in developing an alternative route to these natural products. 
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The enantioselective aldol reaction of enol silanes with aldehydes has recently become recognized as significant and versatile method for the preparation of optically active alcohols, 7 To the best of our knowledge, earlier total syntheses of aculeatins involved methods such as asymmetric allylation, kinetic resolution, or chiral pool approaches to achieve the introduction of chirality. Here, we report a successful application of an asymmetric aldol reaction using a titanium (IV) tetraisopropoxide/(S)-1,1′-binaphthalene-2,2′-diol [(S)-BINOL] system to induce chirality at the C-2 position in syntheses of aculeatins A, B, and D and 6-epiaculeatin D.
Our retrosynthetic analysis of aculeatins A, B, and D and 6-epi-aculeatin D is shown in Scheme 1. Because most of the reported syntheses ended with a [bis(trifluoroacetoxy)iodo]benzene-mediated oxidative spirocyclization, we directed our attention to the construction of the appropriate keto 3,5-diol derivatives 1 and 14. We decided that treatment of 1-methoxy-1,3-bis(trimethylsiloxy)buta-1,3-diene (5; Chan's diene) 8 with aliphatic aldehyde 6, catalyzed by titanium(IV) tetraisopropoxide/(S)-BINOL might provide the required optically active δ-hydroxy β-keto ester 4.
7a,b Intermediate 4 should be readily convertible into the aculeatin precursors 1 and 14 by steps including a diastereoselective reduction and a Weinreb ketone synthesis. We therefore simplified our retrosynthesis to the known compound tetradecanal (6).
Scheme 2 shows details of our synthesis of aculeatins A and B. According to our plan, tetradecanal (6) was subjected to an asymmetric aldol reaction with Chan's diene (5) mediated by the titanium(IV) tetraisopropoxide/(S)-BINOL system to give the δ-hydroxy β-keto ester 4 in 90% yield and 98% ee.
7b,9
Having prepared δ-hydroxy β-keto ester 4, our next concern was the formation of the keto cis-3,5-diol moiety. We therefore treated compound 4 with a reducing agent to provide the cis-diol. Curiously, however, the use of sodium borohydride and triethylborane gave a low yield accompanied by decomposition of 4.
10 After screening several methods, we successfully synthesized diol 7 in a cis/trans ratio of more than 5:1 by using sodium borohydride with titanium(IV) tetraisopropoxide as the chelate-controlling Lewis acid at −78 °C. 11 Protection of diol 7 with 2,2-dimethoxypropane 6b and subsequent treatment with N,O-dimethylhydroxylamine hydrochloride 6k gave amide 3 in 69% yield over two steps. Amide 3 was then subjected to Weinreb ketone synthesis with the terminal alkyne 2 to provide the protected yne cis-diol 9; alkyne 2 was prepared from the 4-hydroxybenzaldehyde through protection with tert-butyl(dimethyl)silane and a subsequent Corey-Fuchs reaction. 12 The internal triple bond in the protected yne diol 9 was subsequently reduced by hydrogen over palladium on carbon in ethyl acetate to give the protected diol 10 in 94% yield.
6b Attempted oxidative spirocyclization of intermediate 10 with [bis(trifluoroacetoxy)iodo]benzene failed, so we removed the tert-butyl(dimethyl)silyl group with tetrabutylammonium fluoride to give precursor 1. Finally, the natural products aculeatins A and B were obtained through the well-established step of [bis(trifluoroacetoxy)iodo]benzene-mediated oxidative spirocyclization. 
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yield by treatment with sodium triacetoxyborohydride in 1:1 acetonitrile-glacial acetic acid. 13 By following the established synthetic sequence involving protection, Weinreb ketone synthesis, reduction, and deprotection, we were obtain ketone 14 in about 35% yield over five steps. Ketone 14, previously reported as a precursor to aculeatin D and 6-epiaculeatin D, was readily converted into these aculeatins by treatment with [bis(trifluoroacetoxy)iodo]benzene. The physical properties and 1 H and 13 C NMR spectra of the sample of compound 14 that we obtained agreed with those reported in the literature. In conclusion, we have developed an efficient and versatile asymmetric synthetic approach to the total synthesis of aculeatins A, B, and D and 6-epi-aculeatin D by an eightstep sequence starting from tetradecanal (6). The route features a titanium(IV) tetraisopropoxide/(S)-BINOL-mediated aldol reaction, a diastereoselective reduction, and a Weinreb ketone synthesis. The current route represents an alternative strategy for the synthesis of these antimalarial natural products. Further applications of this approach to analogues of the aculeatins are currently being examined and will be reported in due course.
All reactions were carried out under N 2 with dry solvents (unless otherwise noted) and were monitored by TLC on 0.25 mm silica gel plates (60F-254). Flash column chromatography was performed on 200-300 mesh silica gel (Qingdao Marine Chemical Inc., Shandong). Anhyd THF was distilled from Na-benzophenone. CH 2 Cl 2 was distilled from CaH 2 . Molecular sieves were activated by heating at 180-200 °C for 12 h under reduced pressure. Yields refers to chromatographically and spectroscopically ( C: 75 MHz) spectrometers. High-resolution mass spectra were obtained from an AB QSTAR Elite mass spectrometer. IR spectra were recorded on a Shimadzu Prestige-21 FT-IR spectrophotometer. ESI-MS were obtained using a Shimadzu LMCS-2020 spectrometer. HPLC analysis was performed on an Agilent 1100 HPLC instrument equipped with an OD-H column and using i-PrOH-hexanes as the eluent. Optical rotations were measured on a Rudolph AutoPol I polarimeter in CHCl 3 at 25 °C.
For syntheses and spectroscopic data for compounds 2, 8, 10, and 12-18, see the Supporting Information.
Methyl (5R)-5-Hydroxy-3-oxooctadecanoate (4)
Ti(Oi-Pr) 4 (0.07 mL, 0.24 mmol) was added to a stirred suspension of (S)-BINOL (0.14 g, 0.48 mmol) and 4 Å MS (1.06 g) in THF (1 mL) at r.t., and the mixture was stirred at r.t. for 1 h. The mixture was then cooled to −78 °C and aldehyde 6 (0.64 g, 3.03 mmol) was added dropwise. After 30 min, Chan's diene 5 (2.37 g, 9.09 mmol) was added and the resulting solution was stirred under N 2 at −78 °C for 2 h, then warmed to r.t. and stirred overnight. When the reaction was complete (TLC), the mixture was cooled to −78 °C and TFA (1.21 mL) was added. The solution was warmed to r.t., stirred for 1 h, and then diluted with Et 2 O (10 mL). Sat. aq NaHCO 3 (5 mL) was added to quench any excess TFA and the mixture was stirred until evolution of gas ceased (30 min). The mixture was then extracted with EtOAc (3 × 5 mL) and the organic layers were combined, washed with brine (10 mL), dried (Na 2 SO 4 ) and concentrated in vacuum. 
Methyl (3R,5R)-3,5-Dihydroxyoctadecanoate (7)
A round-bottomed flask equipped with a magnetic stirrer was charged with ester 4 (1.22 g, 3.88 mmol) and anhyd 1:1 THF-MeOH (24 mL) under N 2 . The solution was cooled to -78 °C and Ti(O-i-Pr) 4 (1.72 mL, 5.82 mmol) was added. After 30 min, NaBH 4 (0.293 g, 7.76 mmol) was added slowly and the mixture was stirred at -78 °C for 6 h. Sat. aq NH 4 Cl (5 mL) was added to quench the reaction, and the mixture was warmed to r.t. and extracted with EtOAc (3 × 30 mL). The organic layers were combined, washed with brine (30 mL), dried (Na 2 SO 4 ), and concentrated in vacuum. The residue was purified by chromatography [silica gel, PE-EtOAc (3:1)] to give diol 7 (yield: 0.88 g) together with its diastereoisomer (yield: 0.16 g) as colorless oils in an 84:16 ratio and an overall yield of 85%. 
Major isomer
2-[(4R,6R)-2,2-Dimethyl-6-tridecyl-1,3-dioxan-4-yl]-N-methoxy-N-methylacetamide (3)
A 2 M soln of i-PrMgCl in THF (1.17 mL, 2.36 mmol) was slowly added to a mixture of diol 8 (0.3 g, 0.84 mmol) and MeNHOMe·HCl (0.115 g, 1.18 mmol) in anhyd THF (8.5 mL) at -20 °C. The mixture was stirred at -20 °C for 2 h then warmed to 0 °C. Sat. aq NH 4 Cl (5 mL) was added to quench the reaction and the mixture was extracted with Et 2 O (3 × 15 mL). The organic layers were combined, washed with brine (20 mL), dried (Na 2 SO 4 ), and concentrated in vacuum. (2R,4R,6R)-4-Hydroxy-2-tridecyl-1,7-dioxadispiro[5.1.5.2]pentadeca-9,12-dien-11-one (Aculeatin A) and (2R,4R,6S)-4-Hydroxy-2-tridecyl-1,7-dioxadispiro[5.1.5.2]pentadeca-9,12-dien-11 -one (Aculeatin B) Ketone 1 (0.35 g, 0.75 mmol) was dissolved in a mixture of 9:1 acetone-water (25 mL), and PhI(OCOCF 3 ) 2 (1.3 g, 2.46 mmol) was added in four portions at 1 h intervals. The mixture was then stirred overnight at r.t. in darkness. When the reaction was complete (TLC), the mixture was extracted with EtOAc (3 × 10 mL), and the organic layers were combined, washed with brine (10 mL), dried (Na 2 SO 4 ), and concentrated in vacuum. 
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